Bogaert, Jan, and Frank E. Rademakers. Regional nonuniformity of normal adult human left ventricle. Am J Physiol Heart Circ Physiol 280: H610-H620, 2001.-Regional nonuniformity is a feature of both diseased and normal left ventricles (LV). With the use of magnetic resonance (MR) myocardial tagging, we performed three-dimensional strain analysis on 87 healthy adults in local cardiac and fiber coordinate systems (radial, circumferential, longitudinal, and fiber strains) to characterize normal nonuniformities and to test the validity of wall thickening as a parameter of regional function. Regional morphology included wall thickness and radii of curvature measurements. With respect to transmural nonuniformity, subendocardial strains exceeded subepicardial strains. Going from base to apex, wall thickness and circumferential radii of curvature decreased, whereas longitudinal radii of curvature increased. All of the strains increased from LV base to apex, resulting in a higher ejection fraction (EF) at the apex than at the base (70.9 Ϯ 0.4 vs. 62.4 Ϯ 0.4%; means Ϯ SE, P Ͻ 0.0001). When we looked around the circumference of the ventricle, the anterior part of the LV was the flattest and thinnest and showed the largest wall thickening (46.6 Ϯ 1.2%) but the lowest EF (64.7 Ϯ 0.5%). The posterior LV wall was thicker, more curved, and showed a lower wall thickening (32.8 Ϯ 1.0%) but a higher EF (71.3 Ϯ 0.5%). The regional contribution of the LV wall to the ejection of blood is thus highly variable and is not fully characterized by wall thickening alone. Differences in regional LV architecture and probably local stress are possible explanations for this marked functional nonuniformity. magnetic resonance; systolic function; morphology EJECTION OF BLOOD IS THE RESULT of the inward motion of the myocardial wall, which is caused by the coordinated and sequential shortening of the sarcomeres within the myocytes of this wall. Sarcomere shortening can lead to ejection through different but related mechanisms at the macroscopic level: wall thickening, circumferential shortening, and longitudinal shortening. The relative contribution and regional nonuniformity of these different mechanisms in humans are largely unknown, because intrinsic myocardial deformation or strain could be studied only by using metallic markers, strain gauges, or ultrasonic devices surgically implanted in animals. However, with the introduction of noninvasive myocardial magnetic resonance (MR) tagging, studies in humans (both in healthy adults and patients) became feasible (5, 7, 9, 10, 12, 14, 16, 17, 20, 22, 23, (27) (28) (29) . It is evident from these studies that the myocardial strain pattern is complex and closely related to the variations in transmural fiber orientation, irregular shape of the left ventricle (LV), and local differences in ventricular morphology, i.e., radii of curvature and wall thickness.
EJECTION OF BLOOD IS THE RESULT of the inward motion of the myocardial wall, which is caused by the coordinated and sequential shortening of the sarcomeres within the myocytes of this wall. Sarcomere shortening can lead to ejection through different but related mechanisms at the macroscopic level: wall thickening, circumferential shortening, and longitudinal shortening. The relative contribution and regional nonuniformity of these different mechanisms in humans are largely unknown, because intrinsic myocardial deformation or strain could be studied only by using metallic markers, strain gauges, or ultrasonic devices surgically implanted in animals. However, with the introduction of noninvasive myocardial magnetic resonance (MR) tagging, studies in humans (both in healthy adults and patients) became feasible (5, 7, 9, 10, 12, 14, 16, 17, 20, 22, 23, (27) (28) (29) . It is evident from these studies that the myocardial strain pattern is complex and closely related to the variations in transmural fiber orientation, irregular shape of the left ventricle (LV), and local differences in ventricular morphology, i.e., radii of curvature and wall thickness.
Without the use of tags or implanted markers, wall thickening is the only strain that can be measured regionally, and as such it is often used as a parameter of regional contractile function. The purpose of this study was therefore to characterize in normal individuals regional strain in the local cardiac and fiber coordinate systems (radial, circumferential, longitudinal, and fiber strains and shears), as well as LV morphology and their interaction, and to define the relationship between wall thickening and regional ejection fraction (EF) as parameters of contractile behavior.
METHODS

Study Population
The study included 87 healthy adult humans (56 men and 31 women, 43.6 Ϯ 15.1 yr, range 22-74 yr) for MR tagging of the LV. Subjects were included if the clinical examination, echo Doppler examination, and stress test were normal. They were physically active (although not active athletes) and showed no evidence of obesity, chest wall abnormalities, coronary artery, valvular, or hypertensive disease. All of the participants were in normal sinus rhythm and none met electrocardiographic criteria for LV hypertrophy. None was taking medication known to influence cardiac function. All of the studies were performed according to the guidelines of the hospital ethics committee, and written informed consent was obtained from all of the volunteers.
Study Protocol
MR tagging. MR tagging was used to calculate myocardial strains (31) . All of the MR tagging studies were performed with the use of a 1T MR unit (Magneton SP42, Siemens; Erlangen, Germany), by using an electrocardiographically gated and flow-compensated segmented k space FLASH gradient-recalled echo sequence with acquisition of 3 k lines per heartbeat (repetition time: 14 ms, echo time: 8 ms, a variable flip angle, field of view: 400 mm, matrix: 180 ϫ 256, and slice thickness: 8 mm). Eight time points were acquired for each studied cardiac level. The spread of these time points was nonequidistant but was adjusted to physiologically important phases during the cardiac cycle, e.g., end diastole, midsystole, end ejection, mitral valve opening, and fast filling. The exact timing of aortic valve closure was obtained with the use of a graphic auscultation system (Blood Line Technology; Incline Village, NV). Only measurements at end ejection are reported here.
Tags are noninvasive markers placed on the myocardium at end diastole by presaturating planes perpendicular to the subsequent imaging planes. The tags appear on the images as dark lines that move and deform with the myocardium on which they were inscribed (4) (Fig. 1) . Five parallel short-axis planes and four radially oriented long-axis planes crossing in the center of the LV were defined (Fig. 2) . This centerline of the LV cavity was obtained by the best fit connecting the centers of the cavity at each of the different short-axis levels, and its correct application was subsequently verified. The images were acquired at end diastole and end ejection in all of these planes, by using the short-axis planes as tagging planes for the long-axis images and vice versa. By combining the short-and long-axis information, the entire LV wall, except for the apex, could be reconstructed into 32 small cuboids for which the three-dimensional coordinates of the node points were known.
Myocardial strains. Myocardial normal strain and shear are defined as the difference between an end-systolic and an end-diastolic dimension divided by a reference end-diastolic dimension and are, as such, dimensionless and presented as percent values. Strains are expressed as normal and shear strains (Fig. 3) . Normal strains are defined as displacements along a coordinate axis. Two adjacent node points can be projected on a coordinate axis, and the length of this projection can be measured. The length of this projection can change during the cardiac cycle, and the difference of these lengths divided by the total length at end diastole defines the normal strains. Shear strains are similarly defined, but the difference in projected length and the end-diastolic distance by which it is divided are on different axes. In a local coordinate system, three normal and three shear strains are obtained. Normal strains will deform a cube into a beam, and shear strains will deform it into a parallelepiped.
Coordinate systems. These strains can be expressed in a local cardiac coordinate system and a local fiber coordinate system for each epicardial and endocardial node point (Fig.  2) . Three perpendicular axes define the local cardiac coordinate system: radial (R), circumferential (C), and longitudinal (L). The circumferential axis is obtained in a plane tangential to the inner or outer surface of the LV and oriented in the short-axis direction. The longitudinal axis is obtained in a similar plane but oriented along the LV long axis. The radial axis is obtained perpendicular to this tangential plane and directed outward by using the direction perpendicular to the wall (that is tilted near the apex because of the taper of the LV). The local fiber coordinate system is defined by the following: 1) the radial (R) axis similar to the local cardiac coordinate system, 2) the fiber (F) axis tangent to the surface and parallel to the local fiber orientation at either the epicardium or endocardium, and 3) the cross-fiber (X) axis, tangent to the surface and perpendicular to the fiber. Fiber directions were obtained from histological fiber angle data in cadaver studies (11, 15, 26) . Myocardial strains can be negative or positive. Positive radial strains represent wall thickening, whereas negative strains represent segment shortening (e.g., circumferential shortening and fiber shortening).
Regional EF. Regional EF can also be quantified with MR myocardial tagging (Fig. 4) . Because the short-axis tags are radially oriented with the crossing of the tag lines in the center of the LV cavity, each cuboid defines an intracavitary triangular volume, where the endocardial surface is the base of the triangle and the center of the LV is the apex. The inward motion and deformation (circumferentially and longitudinally) of the endocardium determine the changes in intracavitary triangular volume. Subtraction of the end-systolic from the end-diastolic triangular volume divided by the end-diastolic volume defines the regional EF (3) . Similarly, the regional EF at the epicardium can be computed, but the changes in cuboid volume are added to the changes in intracavitary volume. Endocardial regional EF thus can be viewed as a composite measure of the local contribution to ejection. Because the composite measure is a percentage, it does not describe the absolute amount of ejected blood but rather the relative change at each cuboid. Near the apex, for example, the triangular volumes are somewhat smaller, and a larger EF could still represent a smaller absolute volume change than at the base.
Myocardial wall thickness and circumferential and longitudinal radii of curvature. The true myocardial wall thickness is obtained in a three-dimensional fashion by adjusting the tag length for wall curvature in the longitudinal direction. The circumferential and longitudinal radii of curvature are calculated in each cuboid by using the chord and arch Fig. 2 . Regional strain analysis with MR tagging. With a combination of MR tagging along the cardiac short and long axis, the LV wall is divided in 32 small cuboids. Each cuboid is defined by 4 epicardial and 4 endocardial node points. The strains are expressed in a local cardiac and local fiber coordinate system for each epicardial and endocardial node point. The axes used in the local cardiac coordinate system are radial (R), by using the direction perpendicular to the wall; circumferential (C), tangent to the surface and oriented in the short-axis direction for both the epicardium or endocardium; and longitudinal (L), tangent to the surface and oriented in the cardiac long axis. The axes in the local fiber coordinate system are R, by using the direction perpendicular to the wall; fiber (F), tangent to the surface and parallel to the local fiber direction at either the epicardium or endocardium; and cross-fiber (X ), tangent to the surface and perpendicular to F. Fig. 3 . Normal and shear strains. "Nondeformed" myocardial cube is shown at end diastole (left). Subsequent myocardial deformation during systole (right), can be analyzed with a combination of three normal strains (middle) and three shear strains (right). EPI, epicardium; LR shear, longitudinal-radial shear strain; CL shear, circumferential-longitudinal shear strain; and CR shear, circumferential-radial shear strain. lengths fitting a model. A small radius of curvature denotes a curved surface, whereas a large radius of curvature is representative of a flat surface.
Statistical Analysis
For comparison of morphological and functional data, we used the unpaired Student's t-test and ANOVA with the Scheffé's post hoc test. In all of the cases, a value of P Ͻ 0.05 was considered to indicate statistical significance. Unless stated otherwise, all data are means Ϯ SE.
RESULTS
The regional results for morphology and strain are grouped as differences going through the wall, from base to apex and around the circumference of the ventricle. 
Morphological Nonuniformities
Transmural nonuniformity. The epicardial circumferential radius of curvature at end diastole was significantly larger than at the endocardium (2.60 Ϯ 0.012 epicardially vs. 1.70 Ϯ 0.010 cm endocardially, P Ͻ 0.0001). There was no transmural difference in longitudinal radius of curvature at end diastole (8.92 Ϯ 0.022 epicardially vs. 8.91 Ϯ 0.023 cm endocardially, P ϭ not significant, NS).
Base-to-apex nonuniformity. A significant difference in end-diastolic wall thickness was found (P Ͻ 0.0001) (Fig. 5) . A gradual thinning of the LV wall was shown toward the apex with the exception of the most basal slice, which is also thinner (P Ͻ 0.001), probably because of the presence of the fibrous interventricular septum. Because of the conical shape of the LV, the end-diastolic circumferential radius of curvature gradually decreased from base to apex (from 1.96 Ϯ 0.02 to 1.22 Ϯ 0.02 cm, P Ͻ 0.0001). In contrast, the enddiastolic longitudinal radius of curvature increased toward the apex, expressing a flattening of the myocardium toward the apex (base: 8.69 Ϯ 0.04, apex: 9.29 Ϯ 0.05 cm, P Ͻ 0.0001).
Circumferential nonuniformity. The posterolateral wall was significantly thicker than the septum (9.37 Ϯ 0.07 vs. 8.78 Ϯ 0.05 mm, P Ͻ 0.0001) (Fig. 5) . Moreover, at end diastole the LV circumference did not correspond to a circle but rather to an oval with a curved posterolateral wall and a flatter anterior wall and septum (P Ͻ 0.0001) (Fig. 5) . Differences for the longitudinal radius of curvature were much less pronounced.
Functional Nonuniformities
Transmural nonuniformity. Although endocardial EF or inward motion is significantly larger than the corresponding epicardial measurement (endocardial EF: 66.9 Ϯ 0.2%; epicardial EF: 38.4 Ϯ 0.2%, P Ͻ 0.0001) ( Table 1) , corresponding to the significant wall thickening, epicardial inward motion is substantial and significantly contributes to the ejection of blood. Related to the local cardiac coordinate system, transmural differences were most pronounced for circumferential shortening, much less so for longitudinal shortening with a slight excess in favor of endocardial shortening, thus leading to a positive longitudinalradial shear strain. Circumferential-longitudinal shear strains, expressing ventricular torsion, were significantly larger epicardially than endocardially (P Ͻ 0.0001). According to the local fiber coordinate system, endocardial fiber shortening slightly exceeded epicardial fiber shortening (17.9 Ϯ 0.2 vs. 23.7 Ϯ 0.2%, P Ͻ 0.0001). The differences in cross-fiber strain were Fig. 6 . Regional EF in base-to-apex direction and around the LV circumference. In the circumferential direction, data are acquired at locations 1-8 (see Fig. 5 ). In the longitudinal direction, because the regional EF is a measurement calculated between adjacent levels, 4 values are obtained from base to apex. Results are expressed as percent values. P Ͻ 0.0001, ANOVA. much more striking. At the epicardium, cross-fiber shortening was smaller than fiber shortening, whereas the endocardial cross-fiber shortening was almost twice as large as endocardial fiber shortening (epicardium: 11.6 Ϯ 0.1 vs. endocardium: 37.3 Ϯ 0.1%, P Ͻ 0.0001).
Base-to-apex nonuniformity. The regional EF increased significantly from base to apex (Fig. 6 and Table 2 ). Increases in myocardial strain were most pronounced for wall thickening and endocardial circumferential shortening. A reversal in circumferentialradial shear strain was found. Fiber and cross-fiber shortening increased slightly but significantly from base to apex.
Circumferential nonuniformity. The posterior wall showed the largest endocardial EF but demonstrated the least systolic wall thickening ( Fig. 6 and Table 3 ). This apparent contradiction could be explained by the larger epicardial circumferential shortening leading to a more pronounced centripetal global wall motion (Fig.  7) . In contrast, the anterior wall and septum demonstrated the largest systolic wall thickening but had a smaller EF, which was primarily caused by the lower degree of circumferential and longitudinal shortening in this part of the LV wall. The endocardial circumferential-longitudinal shear strain, expressing ventricular torsion, was larger in the anterior wall compared with the posterior wall (11.5 Ϯ 0.5 and 6.3 Ϯ 0.6%, respectively, P Ͻ 0.0001). In contrast, the longitudinalradial shear strain, expressing the relative motion of the inner versus the outer layers in longitudinal direction, was low in the anterior wall (3.1 Ϯ 0.6%) but larger in the posterior wall (17.2 Ϯ 0.9%) (P Ͻ 0.0001). As shown in Fig. 8 , significant differences in fiber and cross-fiber strain were found around the LV circumference. Remarkably, in the LV septum, epicardial fiber shortening (corresponds to RV endocardium) exceeded LV endocardial fiber shortening. 
Relations Among Myocardial Wall Thickening, Regional EF, and Morphology
As shown in Fig. 9 , a variable relation was shown between regional wall thickening and regional EF, with r values ranging from Ϫ0.58 to ϩ0.64. Thus regions with a higher wall thickening had a lower EF, except at the LV base. In contrast, an extremely tight positive relation was found between circumferential shortening and EF (r values ranging from 0.96 to 0.98), and also existed between longitudinal shortening and EF (r values ranging from 0.34 to 0.96). Regional EF correlated inversely with the regional endocardial radius of curvature at end diastole at most levels of the LV (r values ranging from Ϫ0.25 to Ϫ0.83). A highly variable relation was found between radii of curvature and myocardial wall thickening (r values in the range of Ϫ0.66 and 0.59).
DISCUSSION
With the use of MR myocardial tagging, regional morphology, strain, and function were quantified in 32 regions throughout the LV. The results demonstrate that the normal adult LV is characterized both morphologically and functionally by a high degree of regional nonuniformity. When endocardial regional EF is used as a reference measure of performance, circumferential shortening shows the closest relation, more so than longitudinal shortening, whereas thickening displays an opposite relation: less thickening is observed in the regions with a larger EF. Endocardial EF is also better explained by regional morphology, i.e., radii of curvature, than is thickening.
Morphological Nonuniformities
First, the end-diastolic myocardial wall thickness varies significantly. The largest differences are found in the LV long-axis direction, whereas smaller differences are demonstrated around the LV circumference. These findings are in agreement with the anatomic data obtained by Greenbaum and colleagues (11) . Differences in wall thickness are caused mainly by a variation in the amount of circumferentially oriented midwall fibers. Though abundant in the lateral walls, these fibers become very sparse toward the LV apex where the epicardial fibers lie in contact with the endocardial fibers. On the other hand, the thinning of the LV wall in its most basal regions may be caused by the inclusion of the membranous ventricular septum within the slice thickness. The differences in wall thickness around the LV circumference could be caused by a variation in the number of longitudinally oriented fibers. Second, whereas in most assumptions of wall stress the LV is compared with a thick-walled ellipsoid, the results of this study demonstrate that LV architecture is much more complex with large variations in thickness and circumferential and longitudinal radii of curvature. In the short-axis direction, the LV cavity has an oval rather than a circular configuration at end diastole. Moreover, in the long-axis direction, the LV wall flattens toward the apex. Thus more reliable estimates of regional LV wall stress have to take into account these variations in LV morphology, but on the other hand this variation, present in the normal ventricle, could be used to calculate regional stressstrain relations and so to quantify myocardial contractility without the need of preload or afterload changes.
Functional Nonuniformities
The deformation of the different myocardial segments not only varies transmurally but also from base to apex and around the circumference of the LV. Differences are most pronounced in the transmural direction, whereby most strains are significantly larger at the endocardium than at the epicardium, consistent with the principle of conservation of mass. Small variations exist in fiber strains, possibly explained by transmural differences in wall stress, not only at end diastole but also during systole. Estimates of LV wall stress have shown that the end-diastolic wall stress increases toward the endocardium (6) . A larger fiber stretch leads to more fiber shortening during systole. This concept is supported by the observation that sarcomere lengths are shorter at epicardium than at endocardium (30) . Though wall stress cannot be measured, Stein and colleagues (25) found a larger intramyocardial pressure in the endocardium than in the epicardium. Moreover, decreases in circumferential radii of curvature during systole are much more pronounced endocardially than epicardially. Thus subsequent wall stresses during ejection may be lower endocardially than epicardially and explain the higher endocardial fiber strains. A second explanation is the specific functional interaction among myocardial fiber layers (21) . Compared with the canine LV, the human LV is more conical and larger (torque difference between the epicardium and endocardium is smaller). This allows for less dominance of the epicardium over the endocardium and a more bidirectional interaction: more crossfiber shortening at the epicardium and less interference with endocardial fiber shortening. The latter could therefore explain the slightly larger endocardial fiber strains.
Another nonhomogeneity is found in the LV septum with a reversed pattern in fiber strain. Here, the strain in the outer layers exceeds the strain in the inner layers. The differences in strain in the septum are very likely related to the presence of the right ventricle. Because the outer myocardial layers in the septum represent the inner layers of the right ventricle working at much lower pressure values, this might be an important factor in the higher strain values.
The relative contribution to ejection increases toward the apex, although the myocardium significantly thins from LV base to apex. Because of the tapering of the LV walls, however, the absolute volume contribution of the LV apex is smaller. Again, differences in wall stress are the likely explanation for this discrepancy. On the basis of "simplified" wall-stress assumptions, Bü chi and colleagues (6) showed a decrease in end-diastolic and mean systolic wall stress toward the apex. Because the ejection of blood is influenced by both preload and afterload and by myocardial contractility, one can understand that although the end-diastolic wall stress is lower in the apex (i.e., less fiber stretch), the regional function may be higher if the systolic wall stress is lower (for instance as a result of a smaller circumferential radius of curvature). Differences in myocardial morphology, such as the decrease of circumferentially oriented fibers, will very likely influence the degree of myocardial tethering. The increase in cross-fiber shortening toward the apex strengthens this hypothesis.
Contribution of Myocardial Wall Thickening to Ejection of Blood
Although several studies use myocardial wall thickening (i.e., radial strain) as the parameter to evaluate regional myocardial function in normal and pathological conditions, this study clearly illustrates the substantial contribution of circumferential inward motion and longitudinal shortening to the ejection of blood and the very variable contribution of wall thickening. This is most striking when evaluating the differences in regional EF around the LV circumference. Remarkably, the regions with the highest EF show the least wall thickening (i.e., posterior and lateral wall), whereas regions with lower EF show a greater wall thickening (i.e., anterior wall and septum). Conversely, a higher EF coincides with a larger epicardial inward motion (posterior epicardial circumferential shortening is twice that of the anteroseptal region). This relation between EF and thickening is not constant throughout the LV, however. This could be explained by two influencing factors, both related to LV architecture. Wall thickness and radius of curvature are important determinants of wall stress. A more curved wall will exhibit less wall stress, leading to a thinner wall at end diastole, which will show a relative larger thickening for the same amount of increase in wall thickness. On the other hand, a smaller systolic stress will allow a larger systolic regional EF. The balance between these two effects determines the final relation between thickening and EF. This is in contrast to the relation between EF and circumferential endocardial shortening, which is very tight in all of the regions, and this also holds to a lesser degree for longitudinal shortening. Different regions of the ventricle thus exhibit a variable contribution of thickening, global circumferential inward motion, and longitudinal shortening to the ejection of blood, and wall thickening certainly does not show the most simple, direct, and easy relation. Therefore, when wall thickening is used as a regional parameter of function, these complex relations have to be kept in mind when interpreting differences among patients and in one patient when comparing regions of the LV.
Potential Limitations
Several limitations of the present study need to be mentioned. A major objective of this study was a description of the regional morphology, strain, and function with MR tagging. The advantages and potential limitations of MR tagging have been described in other papers (2, 5, 14, 18, 19, 21) . This technique is reliable for measuring strains of physiological magnitudes (1) and to study phenomena such as nonuniformities. However, the influence of other parameters such as nonhomogeneity in myocardial perfusion or myocardial innervation is unknown. Moreover, because in vivo determination of the fiber angle in living humans is impossible, the descriptions of the myocardial strain according to the epicardial or endocardial fiber direction were on the basis of fiber angles obtained in cadaver studies. Diffusion MR imaging has been reported to noninvasively determine the fiber angles in the in vivo heart (8, 13, 24) , but this technique is not available for routine use. Local or subtler variations of the fiber angles than those known from the cadaver studies may influence the data. Nevertheless, the results in the present study remain valid even when not related to a specific fiber direction.
An intrinsic shortcoming of the MR tagging technique, as used in this study, is the exclusion of the LV apex from the strain analysis. This is caused by the use of parallel orientation of tags in the long axis, whereby the most apical tag approaches the apex as closely as possible without covering the apex. Because the results in the present study demonstrate the increase in regional function toward the apex, further improvement of the radial tagging technique will be required to study this region more adequately. Finally, in the present study, we used end ejection as the time point to quantify the myocardial strain and function. This approach allowed us to express the nonuniform behavior during systole. However, further research will be required to evaluate whether nonuniformities in myocardial strain and function are present throughout the cardiac cycle (i.e., differences in activation of myocardial contraction) and how the interplay between regional and temporal nonhomogeneity occurs.
In conclusion, nonuniformity is a major characteristic of the normal adult human LV. Because the single myocyte behaves as a uniform structure, the results of the present study strongly suggest that the marked morphological nonuniformity has a decisive role in causing the heterogeneous myocardial deformation pattern. Wall thickening, often utilized as a marker of regional myocardial performance, has a very variable and difficult relation to other parameters of function and should be used with caution.
